Abstract-In this paper, we present and elaborate on die to wafer bonding technology with benzocyclobutene (BCB). This technology allows to fabricate a variety of reliable waferbonded components in a fairly simple way using only standard cleanroom equipment. We demonstrate the fabrication of passive devices such as microring resonators, as well as active components such as lasers and LEDs. We show good performance of these devices by presenting measurements of their characteristics. Furthermore, these devices were subjected to damp-heat testing, demonstrating the good quality of the BCB-bonding procedure. Finally, due to the low thermal conductivity of BCB, thermal management needs some attention. We present an analysis of the thermal problem and suggest a possible solution.
I. INTRODUCTION
W AFER bonding has found very broad applications over the years. The possibility to integrate optoelectronic III-V components with mature Si-circuitry is very promising and different methods have been studied to achieve this [1] .
A large variety of wafer bonding methods exists, each with their own benefits and disadvantages. Wafer bonding procedures can roughly be divided into two categories: direct and indirect bonding. Direct bonding means joining two very smooth and clean semiconductor interfaces without using intermediate layers. To ensure the formation of a strong bond the two wafer surfaces normally have to be annealed at a high temperature although work is being done on low temperature direct bonding procedures ( [2] , [3] ). The main disadvantages of the direct bonding process are the use of high temperature, the need for very flat surfaces, delicate and demanding process technology, and the need for specialized equipment [3] . Indirect bonding covers a wide range of processes where an intermediate layer of some sort (polymers [4] - [6] , spin-on-glasses ( [7] ), metals [8] , …) is used to bond the two wafers. While most literature reports on full wafer bonding (either directly or indirectly) we will focus on the die to wafer bonding process. The rationale for this is twofold. An important application of bonding is the integration of CMOS and III-V material. As the size of the available III-V wafers (50-75 mm) is much smaller than that of industrial CMOS wafers (300 mm) the full wafer bonding of III-V wafers onto silicon wafers is not industrially viable. Even if the size of the wafers is the same the population density of optoelectronic devices will be much lower than that of VLSI CMOS, which implies that full wafer bonding would result in high cost systems due to the inefficient use of III-V material. Alternatively, one could bond optoelectronic devices on passive waveguide circuits that are typically much larger than the active devices. In these applications die to wafer bonding is the preferred technology.
We will focus on the indirect bonding of III-V dies using the polymer benzocyclobutene (BCB) as a bonding agent. The advantages of BCB bonding are excellent thermomechanical stability over time, no detectable outgassing at room temperature, low processing temperatures, lower than fusion bonding, and a fairly simple processing scheme that only requires basic cleanroom equipment. BCB is also a low-dielectric which is chemically inert and resistant to chemical etching. It allows to bond different materials, structured wafers, full wafer bonding, and die to wafer bonding. While die to wafer bonding using direct bonding technology can be problematic for small dies due to edge effects, in our opinion this is not the case using an adhesive like BCB. To our knowledge the first die to wafer bonded components fabricated with BCB were reported by Sakamoto [9] . The first microring resonators fabricated in this way were reported by Ma [10] and Absil [11] . Fabrication of active devices has been reported by Katsnelson [12] and Ghawana [13] but with poor or no functionality. Full wafer adhesive bonding with BCB has been reported for instance for the fabrication of MEMS ( [14] , [15] ).
In Section II, we will discuss in detail the processing procedure for die to wafer bonding from substrate preparation over bonding to substrate removal. Several processing issues not yet found in literature will be adressed. In Section III, several kinds of devices that have been fabricated using this technology will be presented namely microring resonators, lasers, and LEDs. To our knowledge, no working active (light-generating devices) have been reported by fabrication with this technique. Katsnelson [12] and Ghawana [13] have reported on VCSELS 0733-8724/$20.00 © 2005 IEEE and LEDs fabricated in GaAs and bonded on a Si-substrate by means of BCB but no laser operation or light emission from the LED was achieved. This is followed by measurements on these devices in Section IV. In Section V, results of reliability tests performed on the fabricated laser devices will be presented, proving the quality of the BCB bonding procedure. To our knowledge, this has never been shown before. Finally, we shall comment on thermal management issues in Section VI suggesting possibilities to improve thermal management based on simulations which has also not been shown before.
This paper will mainly focus on the bonding of InP devices with a GaAs-transfer substrate but some tests of bonding InP onto Si or SOI have been carried out and there seems to be no problem extending this process to a large variety of materials and material combinations. Due to the low temperature of the process, the difference in thermal expansion is also not extremely important especially because we are focussing on die to wafer bonding.
II. THE FABRICATION PROCESS

A. Substrate Preparation
The substrate preparation required for indirect bonding is much less crucial than the preparation required for direct bonding. The wafers are cleaned with IPA, acetone, and rinsed with DI water. Afterwards they are dried in an oven at 100 . Submicron sized particles at the surface can easily be tolerated and compensated for by the BCB layer. Even structured wafers with for instance waveguides on them can be bonded. An adhesion promotor provided by DOW Chemical was then spun onto the sample but this is also not critical.
B. Benzocylobutene
BCB [16] is available from DOW Chemical under the commercial name Cyclotene. It exists in two varieties: a photosensitive one and a dry-etch one. Wafer bonding has up to now only been demonstrated with the dry-etch variety. The dry-etch BCB can be bought in several varieties each differing in viscosity and therefore in achievable layer thickness. We have worked with the least viscous kind (3022-35) which allows to fabricate layers with a thickness ranging from 1 to 2. 4 and the second least viscous (3022-46) with layer thicknesses from 2.4 to 5. 8 .
C. The Bonding Procedure
The bonding itself is performed by spinning the BCB on the sample. We have performed experiments with BCB 3022-35 in order to work with thinner layers which would alleviate the thermal issues but the yield proved to be too low. Using BCB 3022-46 thicker layers were spun and processing yield was high. The reason for this is mainly the fact that we do not only bond flat wafers but also patterned wafers. To tolerate these patterns the layer has to be thick enough. Also particle contamination could not be controlled to a large enough degree in the cleanroom. Preliminary experiments in a new cleanroom environment show highly increased yield with the BCB 3022-35 bonding. The BCB is spun onto the sample to be bonded at 2000 rpm which leads to a layer thickness of 3.8
. The BCB is then placed onto a hot plate at 140 for a few minutes to allow some outgassing. An added advantage is the fact that the BCB becomes less viscous at this temperature and allows to move the sample around on the transfer substrate to position it accurately and remove trapped air bubbles. When the sample is in place it is left to cure in an oven under a nitrogen environment at 210 for 1 h. Bonding under a vacuum environment [5] might raise the yield of the process somewhat further, allowing to use thinner layers but it is not strictly necessary in our experience. This also would require the use of a specialized bonding chamber.
When bonding patterned wafers, the highest yield was obtained from spinning the BCB on the patterned sample. Bonding of two patterned samples has not yet been performed. Spinning BCB on both the patterned sample and the flat substrate lowered the yield.
The bonding is usually done onto a GaAs substrate, mainly because this substrate is chemically inert during the chemical etching for the InP substrate removal. Silicon could also be used however. We have fabricated structures bonded to silicon, but for waveguide based devices the cleaving of waveguide facets is particularly hard.
It is clear that this bonding procedure does not require anything but basic standard cleanroom equipment.
D. Alignment
Depending on the component being fabricated different kinds of alignment are important. We have currently only fabricated devices where the alignment to the possible structures on the transfer substrate was not very crucial. Angular alignment of the die with the transfer substrate on the other hand, is of extreme importance in waveguide-based components where the whole component has to be cleaved to achieve good facets. Of course other alignment issues exist when for instance one wants to fabricate ring resonators and process both sides of the epi-layers. However, this is not fundamentally different from aligning several lithography steps to each other. 
E. Substrate Removal
To remove the original substrate a combination of mechanical polishing and wet chemical etching is used. The substrate is mechanically thinned down to a thickness of about 50
. The remaining InP is removed in an HCl etching solution. This etching stops on the etch-stop layer. Complete chemical removal of the substrate would also be possible but this gives rise to slanted ridges at the edge of the sample as can be seen in Fig. 1 . These ridges have the height of the original substrate (about 350 ) and make subsequent lithography (especially with contact alignment) very difficult. Removing the ridges by cleaving is a possible solution. This seems to be an issue that only arises when dealing with die to wafer bonding and is assumed to be due to the anisotropic etching of InP by HCl. These edges only arise on two sides of the sample due to the undercut on the other sides.
III. FABRICATED DEVICES
Three kinds of devices have been fabricated using BCB wafer bonding: microring resonators, LEDs, and lasers. We will discuss each of them in somewhat more detail.
A. Microring Resonators
Microring resonators consist of a circular waveguide and two straight waveguides which serve as input and output. The basic functionality is that of a wavelength filter.
Microring resonators can be fabricated in two ways: laterally coupled and vertically coupled. In the laterally coupled approach, the straight waveguides are in the same plane as the ring waveguide, in the vertically coupled approach they are underneath the ring. In the latter approach wafer bonding is required. This allows to access both sides of the epitaxial layer and perform double-sided processing. This was first introduced by Absil [11] for GaAs-based microrings and by Grover [17] for InP-based microrings. The fabrication process is illustrated in Fig. 2 .
We have fabricated microring resonators with the following procedure. We start off [ Fig. 2(a) ] with an epitaxial layer-structure containing two waveguide core layers and an etchstop layer. Next the straight bus waveguides are defined [ Fig. 2(b) ]. This whole structure is flipped upside down and bonded onto a transfer substrate (usually GaAs) with the polymer BCB. The original InP substrate is removed by a combination of mechanical polishing and chemical selective wet etching to the etch stop layer [ Fig. 2(c) ] as described in Section II. This etch stop layer is also removed. The disk or ring resonator is then etched, the component is cleaved and AR-coated [ Fig. 2(d)] .
B. LEDs
The process we used for the fabrication of the LEDs is illustrated in Fig. 3 . On the InP layer structure a Ti/Au contact was applied first. This was then bonded upside down onto the GaAs transfer substrate [ Fig. 3(a) ]. Bonding with a Ti/Au contact deposited on one of the samples proved to be no problem either. Next the original InP substrate and the etch stop layer are removed [ Fig. 3(b) ]. In Fig. 3(c) , we can see how the active device is etched in the InP membrane. Then a polyimide layer is deposited through which contact openings are defined and contacts are deposited [ Fig. 3(d) ].The contacts in Fig. 3 are ring contacts to allow the LED to emit to the top.
C. Lasers
Two sets of lasers were fabricated. The processing sequence of the first batch of lasers was similar to the one of the LEDs. The second batch of lasers had electrical contacts through the BCB-layer to metal pads on the underlying substrate. This is interesting from an integration point of view because the III-V component could be connected to underlying Si circuitry. The added contacts could also serve as a heat sink allowing the laser to function in CW operation. This will be discussed further in Section VI.
The processing sequence is illustrated in Fig. 4 . First both the InP-sample and the GaAs substrate are metallised. Then they are bonded with BCB [ Fig. 4(a) ]. Next the InP substrate is removed [ Fig. 4(b) ]. Then stripes are etched by a combination of dry etching and selective wet etching [ Fig. 4(c) ]. Polyimide is spun on the sample, openings are defined on top of the ridges and n-contacts are deposited and plated [ Fig. 4(d) ]. The metal patterns are then used as a mask in the next etching step that removes the polyimide and the remaining III-V semiconductor on both sides of the metal pattern. An opening is also defined next to the structure [ Fig. 4(e) ]. This structure is then buried in a second polyimide layer and an opening is defined above the ridge, above the opening in the BCB and in the region where the p-contact is to be defined [ Fig. 4(f) ]. Finally, a metal bridging structure is defined that contacts the ridge metal with the Ti/Au layer on the GaAs substrate and also the p-contact is defined. These contacts are then deposited and further plated [ Fig. 4(g) ].
The fabricated structure can be seen on Fig. 5 which shows an SEM picture with indication of the different regions and contacts. Fig. 6 shows a typical measurement of the drop and pass port of one of our fabricated microring resonators. This particular microring resonator was a disk with a radius of 30
IV. MEASUREMENTS
A. Microring Resonators
. The achieved -value was around 10 000.
B. LEDs
Continuous wave operation was achieved for the bonded LEDs. This is illustrated in Fig. 7 which plots the measured optical power versus device current. LEDs with different sizes were measured showing the strong temperature dependence of the LEDs. Small area devices showed higher temperature sensitivity than large area devices due to the lower current density of the latter.
C. Lasers
Edge-emitting lasers ( , ) were demonstrated in pulsed regime with threshold current densities around 2.65 which is about double the threshold current density of standard lasers that were processed on the same wafer. Fig. 8 plots the measured optical power versus current for different pulse duty cycles. High thermal resistance prohibited reaching continuous wave operation. These are measurements from the first laser design. Due to a processing error the second laser set had inferior characteristics.
V. DAMP HEAT TESTING
To assess the quality and reliability of the BCB-wafer bonding we have performed damp-heat tests on the lasers. The devices were subjected to tests at 85 and 85% relative humidity (RH). The PI-curves and electrical characteristics of the devices were measured before the tests and after 48, 100, 250, and 500 h of degradation. Fig. 9 show the results for a laser. The characteristics stay nearly constant and form a clear indication of the BCB-bonding quality. 
VI. THERMAL ISSUES BCB, as most polymers, has a low thermal conductivity (
). Unless it can be used as an advantage such as for thermooptic tuning [18] , thermal management of active optoelectronic devices with BCB is necessary [19] . As was shown in Section IV, measurements on LEDs clearly indicated the high thermal resistance of the bonded devices and the laser diodes operated only in pulsed regime. In some situations, one could overcome this problem by mounting the devices upside down onto a heat sink. In most cases, however, this is not possible and other solutions are needed. To quantify the thermal resistance of bonded active devices and design structures that alleviate the self-heating problem, thermal simulations were carried out using the commercially available TCAD simulation package (Integrated Systems Engineering). The thermal resistivity of BCB bonded laser diodes was evaluated using a two-dimensional (2-D) model in which the maximum temperature rise due to a heat source placed in the active region was calculated. In these simulations we compared the thermal resistance of unbonded laser diodes and BCB-bonded devices and investigated the possibility of heat sinking through the BCB layer by using the plated contact that contacts the laser ridge to the transfer substrate through the BCB. The structure under study is shown in Fig. 10 . The 2.5-wide ridge laser is bonded onto a 500 thick Si wafer using 3 of BCB. All heat sinking is assumed to be through the substrate, so no convection or radiation is assumed. The thermal resistivity is a function of the InP undercladding thickness due to the heat spreading function of this InP layer ( ). This dependence is shown in Fig. 11 . In this case, heat spreading by the thin contacts is neglected. As the thickness of the grown InP layers is limited, the thermal resistivity of the BCB-bonded laser diode will be much larger than that of an unbonded laser diode. As a reference, the thermal resistivity of an unbonded laser diode on a 150--thick InP substrate is also shown.
To lower the thermal resistivity one could envision heat sinking by contacting the laser diode through the bonding layer as is shown in Fig. 4 (g) using thick-plated Au-contacts ( ). The structure simulated is shown in Fig. 12 . The parameters of the laser diode are the same as in Fig. 10 . The laser ridge is contacted through the BCB layer using a Au contact with thickness . The thickness is assumed to be 1 . The thermal conductivity of the polyimide used for isolation is assumed to be the same as for BCB. Simulation results are shown in Fig. 13 in which the thermal resistivity of the bonded device relative to thermal resistivity of the unbonded laser diode is plotted. These results clearly show the strong influence of the thickness of the gold contact on thermal resistivity of the laser diode. For a gold contact thickness of 1 , a thermal resistivity equal to 1.5 times that of a standard diode is reached. This allows CW operation of the BCB-bonded devices.
VII. CONCLUSION
We have developed and described in detail the die to wafer bonding process with the polymer BCB. It is a very versatile, relatively easy and cheap technique. The process has been applied to the fabrication of passive devices (microring resonators) and active devices (lasers and LEDs). The reliability has been proven by means of damp heat testing of the fabricated lasers. The thermal issues, resulting from the low thermal conductivity of the BCB, have been analyzed and possible routes for thermal management of active devices such as lasers have been suggested.
